Base-pairing small RNAs (sRNAs) regulate gene expression commonly by direct interaction with cognate mRNAs. Nevertheless, recent studies have expanded this knowledge with the discovery of the RNA 'sponges' which are able to interact and repress the functions of classical base-pairing sRNAs. In this work, we present evidence indicating that the sponge RNA SroC from Salmonella enterica serovar Typhimurium base pairs with the MgrR sRNA, thereby antagonizing its regulatory effects on both gene expression and resistance to the antimicrobial peptide polymyxin B (PMB). By a predictive algorithm, we determined putative SroC-MgrR base-pairing regions flanking the interaction area between MgrR and its target mRNA, eptB, encoding a LPS-modifying enzyme. With a two-plasmid system and compensatory mutations, we confirmed that SroC directly interacts and down-regulates the levels of MgrR, thus relieving the MgrR-mediated repression of eptB mRNA. Since it was previously shown that an Escherichia coli strain carrying an mgrR deletion is more resistant to PMB, we assessed the significance of SroC in the susceptibility of S. Typhimurium to PMB. Whereas the sroC deletion increased the sensitivity to PMB, as compared to the wild-type, the resistance phenotypes between the DmgrR and DsroCDmgrR strains were comparable, evidencing that mgrR mutation is epistatic to the sroC mutation. Together, these results indicate that both SroC and MgrR sRNAs compose a coherent feed-forward loop controlling the eptB expression and hence the LPS modification in S. Typhimurium.
INTRODUCTION
RNA molecules have emerged lately as key players in the regulation of various cellular and physiological processes under specific conditions. Typically, small non-coding RNAs (sRNAs) function by either binding to a protein thereby modifying its activity or as antisense regulators by base-pairing with cognate mRNAs (reviewed in Storz et al., 2011) . These base-pairing sRNAs will either result in activation or inhibition of translation, and/or activation or inhibition of mRNA degradation. Most of these antisense RNAs bind by short and imperfect base-pairing to more than one mRNA encoded at different genomic locations. For efficient stabilization and annealing of these trans-encoded sRNAs to their target mRNAs, the RNA chaperone Hfq is required (Vogel & Luisi, 2011) .
Recent studies show that bacterial RNAs can also base pair with sRNAs, thereby acting as 'sponges' that alter the regulatory effect for downstream target mRNAs (Figueroa-Bossi et al., 2009; Overgaard et al., 2009; Lalaouna et al., 2015; Miyakoshi et al., 2015) . One of the first sponge RNAs identified originates from an intergenic region of the chb polycistronic mRNA and base pairs with the ChiX sRNA in both Salmonella and Escherichia coli (Figueroa-Bossi et al., 2009; Overgaard et al., 2009) . The ChiX sRNA represses the synthesis of the chitoporin ChiP when chitosugars are absent (Figueroa-Bossi et al., 2009) . In the presence of chitosugars, the chb operon is transcribed and processed, yielding a chb mRNA-derived RNA sponge. The net effect is activation of ChiP synthesis since the chb RNA sponge base pairs with the ChiX sRNA and promotes its degradation.
More recently, Lalaouna et al. (2015) identified another type of RNA sponge, the 3¢ETSleuZ RNA. This RNA is a 3¢ external transcribed spacer of the glyW-cysT-leuZ polycistronic tRNA that is produced via RNase E-mediated processing. The 3¢ETSleuZ sponge is able to base pair with two independent sRNAs, RyhB and RybB, thus disrupting the interaction with their mRNA targets and contributing to the cellular fitness. For its part, Miyakoshi et al. (2015) characterized the RNA sponge SroC that originates from an intergenic region of the polycistronic gltIJKL mRNA. The sRNA GcvB induces gltIJKL mRNA decay, then releases the stable RNA sponge SroC, which in turn triggers GcvB RNase E-mediated degradation. The activity of SroC results in activation of GcvB-repressed targets related with amino acid metabolism.
We previously described that the late-log phase-induced SroC participates in the modulation of motility and biofilm formation in Salmonella enterica serovar Typhimurium (Fuentes et al., 2015) . This modulatory effect could reflect, at least in part, an additional cross-talk through the SroCGcvB axis because the mRNA of the global biofilm regulator CsdG is another GcvB target (Jørgensen et al., 2012) . Considering that SroC is a conserved trans-acting RNA, interacts with the Hfq chaperone and exhibits an exceptional intracellular stability (Vogel et al., 2003) , we speculated that it might mediate cross-talk with additional sRNAs. By in silico, genetic and microbiological analyses, we determined that SroC from S. Typhimurium interacts by base-pairing with the MgrR sRNA, thus cross-activating the expression of eptB, an mRNA target of MgrR that encodes a phosphoethanolamine transferase involved in lipopolysaccharide (LPS) modification and polymyxin B (PMB) resistance. Our results indicate that SroC functions as sponge in a feed-forward loop modulating the regulatory role of the MgrR sRNA.
METHODS
Bacterial strains, plasmids and growth conditions. The strains and plasmids used in this study are listed in Table 1 . The sroC and mgrR genes from S. Typhimurium 14028s were deleted by the technique of phage l Red recombinase as previously described (Datsenko & Wanner, 2000) . The plasmid for arabinose-inducible expression of mgrR gene was constructed using the pBAD plasmid as previously described by Papenfort et al. (2006) and we previously described for sroC (Fuentes et al., 2015) . Briefly, for amplification of the sroC and mgrR inserts, the respective forward primer starts with the sRNA +1 site and carries a 5¢ phosphate modification. The respective reverse primer binds close to the 3¢ end of the terminator sequence, including an XbaI site. The PCR products and vector were digested with XbaI and then ligated with T4 DNA ligase. The mutant versions of the plasmid-expressed SroC and MgrR were generated by site-directed mutagenesis using overlapping PCR with suitable primers. For constitutive expression of MgrR, the pACYC184 vector was used, where the mgrR gene was cloned under the control of the rpsL promoter (30S ribosomal RNA) with suitable primers including XbaI (forward) and HindIII (reverse) restriction sites for rpsL cloning and HindIII (forward) and AseI (reverse) for mgrR cloning. For EptB overexpression, the gene was cloned in pBAD-TOPO-TA (Invitrogen) according to manufacturer's instructions. The double mutant strain DsroCDmgrR was constructed by generalized transduction using P22 HT105/1 int-201 bacteriophage (Ebel-Tsipis et al., 1972) . Bacteria were pBAD-SroC vector with sroC mutated at positions 114-117 (Fig. 1a) This work pMgrR MUT1 pBAD-MgrR vector with mgrR mutated at positions 23-26 (Fig. 1a) This work pMgrR MUT2 pBAD-MgrR vector with mgrR mutated at positions 59-62 (Fig. 2a) This work pMgrR MUT3 pBAD-MgrR vector with mgrR mutated at positions 37-40 (Fig. 2a) This work ).
RNA extraction, Northern blot and real-time PCR. Total RNA extraction was performed by the acid phenol method as previously described (Figueroa et al., 1991) from cells grown in LB to exponential (OD 600 of 0.6) or late-exponential phase of growth (OD 600 of 0.9) and then incubated with 0.2 % arabinose for 30 min for pulse expression of sRNAs or treated with MgCl 2 (15 mM) or CaCl 2 (50 mM) for 1 h in the case of quantitative real-time PCR (qRT-PCR) analysis for SroC expression. To examine the RNA stability, we grew cells harbouring the arabinose-inducible plasmid pMgrR to late-exponential phase (OD 600 of 0.9) and we induced sRNA expression for 30 min by adding 0.2 % arabinose. A culture aliquot of 15 ml was filtered to remove arabinose and the cells were resuspended in LB with ampicillin and samples for total RNA extraction were taken at different time points. Northern blots (Bossi & Figueroa-Bossi, 2007 ) and real time qRT-PCR (Calderón et al., 2014) were performed as previously described.
PMB sensitivity assay. Bacteria were grown to late-exponential phase of growth (OD 600 of 0.9) and treated for 1 h with 1 µg ml À1 PMB, and then serial dilutions were plated on LB agar and incubated for 12 h. After incubation, the surviving colonies were counted. The survival rate was calculated as follows: c.f.u. of surviving cells/c.f.u. of initially challenged cells Â100.
Statistics. P values were calculated according to the Student's t-test.
Values of P<0.05 (*) were considered statistically significant.
RESULTS

SroC down-regulates the MgrR levels by basepairing
Since SroC is a stable trans-acting RNA associated to the global sRNA chaperone Hfq (Sittka et al., 2008) , we speculate that it may regulate other sRNAs by direct base-pairing. Previously, it was shown in a microarray that, besides GcvB sRNA, the overexpression of SroC down-regulated the levels of at least six sRNAs in S. Typhimurium (namely GlmZ, IsrI, IsrE, OxyS, Spot42 and STnc560) (Miyakoshi et al., 2015) . Even though the most probable explanation for this effect is the titration of Hfq chaperone, which would destabilize these sRNAs (Papenfort et al., 2009; Moon & Gottesman, 2011) , we performed a predictive analysis for RNA-RNA interactions (IntaRNA; Wright et al., 2014) that suggested the possibility of annealing between SroC and the MgrR sRNA (STnc560) (Fig. 1a) . The in silico predictive model reveals an extensive complementarity region of 27 nucleotides, which includes 21 canonical base pairs and 3 GÁU wobble base pairs (Fig. 1a) . To test whether SroC directly regulates the expression of MgrR in S. Typhimurium, we monitored the RNA levels by Northern blot in different genetic backgrounds and using specific plasmid constructions carrying mutations and compensatory mutations. The overexpression of SroC from an arabinoseinducible plasmid (pSroC) confirmed a significant downregulation of the chromosomally transcribed MgrR levels, while in the sroC mutant background (DsroC), the MgrR levels were higher than those of the wild-type, supporting the repressor role of SroC (Fig. 1b) .
In order to assess the significance of SroC in the stability of MgrR, we measured the turnover rate of MgrR in late-log phase from both DmgrR and DsroCDmgrR strains containing an arabinose-inducible plasmid carrying the wild-type mgrR gene (pMgrR). The new synthesis of MgrR was stopped by washing out arabinose, while general transcription of other RNAs, including SroC in the DmgrR strain, continued. The decay rates of MgrR obtained from Northern blot analyses show that the deletion of sroC increased the half life of MgrR from~4 min to >10 min (Fig. 1c) , indicating that MgrR is degraded, at least in part, in an SroC-dependent manner.
Using a two-plasmid system in a DsroCDmgrR background, wherein MgrR was constitutively produced from a plasmid (pMgrR-C) and SroC expression was induced for 30 min from pSroC, we confirmed that the MgrR levels were drastically reduced by the SroC overproduction (Fig. 1d) . Interestingly, base changes introduced into the complementarity region of the plasmid-expressed sRNAs affected the RNA levels of MgrR (Fig. 1a, d ). The base changes into SroC at positions 114-117 (pSroC MUT1 ) strongly reduced the negative effect on MgrR, while the compensatory mutations into MgrR at positions 23-26 (pMgrR-C MUT1 ) restored the wild-type inhibitory effect (Fig. 1a, d ). These results indicate that SroC down-regulates the MgrR levels by direct interaction.
MgrR directly targets the eptB mRNA
MgrR was first identified in E. coli where it was described as a post-transcriptional regulator of eptB mRNA (yhjW), encoding a protein that mediates the modification of LPS (Moon & Gottesman, 2009 ). MgrR sequence from S. Typhimurium exhibits 85 % identity with that of E. coli, including an 18 nt region located just upstream of the terminator which is highly conserved among Enterobacteriacae. This conserved 18 nt sequence was previously predicted to be required for the base-pairing with the eptB mRNA in E. coli and S. Typhi, among other bacteria (Moon & Gottesman, 2009) . Fig. 2(a) shows the predicted base-pairing between MgrR and eptB RNA sequences of S. Typhimurium, located close to the ribosomal binding site and including the ATG start codon of the eptB mRNA. To confirm the direct interaction of the eptB mRNA and the MgrR sRNA of S. Typhimurium, we used the DsroCDmgrR strain transformed with the inducible plasmid pMgrR (carrying wild-type mgrR) or plasmids carrying mutant mgrR versions including base substitutions at the predicted interaction region (pMgrR MUT2 ) or outside it (pMgrR MUT3 ) as a control for RNA-RNA base-pairing (Fig. 2a) . As expected, Northernblot analyses show that the transcript levels of the chromosomal eptB were drastically reduced after the pulse induction of the sRNA from the pMgrR plasmid, but not from the pMgrR MUT2 containing the substitutions at the predicted base-pairing region (Fig. 2b) . In the case of ), grown to exponential phase and then induced for SroC expression as described below. pBAD corresponds to the control empty vector. 5S rRNA corresponds to the loading control. Results are representative of at least three independent experiments. SroC represses the regulatory sRNA MgrR by base-pairing pMgrR MUT3 , the down-regulation of eptB was retained in an extent similar to that of pMgrR, suggesting that these substituted bases are not required for the proposed RNA-RNA interaction (Fig. 2b) . These results strongly suggest that MgrR down-regulates the mRNA levels of eptB in S. Typhimurium by direct interaction, as previously proposed in E. coli by Moon & Gottesman (2009 .
SroC cross-talks with the regulatory role of MgrR
To investigate whether SroC indirectly affects the regulatory effect of MgrR over its target eptB, we analysed the effect of the SroC overproduction on the eptB expression in the DsroC and DsroCDmgrR backgrounds by qRT-PCR. While in the DsroC background, the overexpression of SroC (pSroC) significantly increased the eptB expression~6 times relative to the control with the empty vector (pBAD), the overexpression of the mutated SroC at the SroC-MgrR complementarity region (pSroC MUT1 ) marginally increased the eptB expression (Fig. 3a) . In the case of the DsroCDmgrR background, no significant differences were observed in the eptB transcript levels between the strains carrying pBAD, pSroC or pSroC MUT1 (Fig. 3b) , indicating that MgrR is required to observe the whole positive effect of SroC on eptB expression.
Since it was previously demonstrated in E. coli that the mgrR deletion decreased the sensitivity to PMB, seemingly associated to its regulatory role in eptB expression and LPS modification (Moon & Gottesman 2009 , we wanted to examine the effect of SroC on the sensitivity of S. Typhimurium to PMB. The wild-type, DsroC, DmgrR and DsroCDmgrR strains were grown to late-exponential phase of growth (condition under which sroC is significantly expressed), challenged with a sub-lethal concentration of PMB for 1 h and plated for surviving cells. In the case of the strains carrying arabinose-inducible plasmids, these were previously induced for 30 min and then treated as described . Cells were grown to exponential phase and then MgrR was pulse-expressed for 30 min by adding 0.2 % arabinose. pBAD corresponds to the control empty vector. Results are representative of at least three independent experiments.
above. The DsroC strain was~3 times more susceptible to the PMB treatment under our experimental conditions, as compared to the wild-type strain (Fig. 4a) . The overexpression of eptB in the DsroC mutant strain from an arabinoseinducible plasmid (pEptB) restored resistance to PMB, reflecting the eptB-dependent variation in PMB sensitivity observed in the sroC À background (Fig. 4a) . Interestingly, both the DmgrR and DsroCDmgrR strains exhibited a similar resistant phenotype, which was higher than the wild-type (Fig. 4b) , indicating that the DmgrR mutation is epistatic to the DsroC mutation. This epistatic relation suggests that MgrR acts before SroC in the same regulatory pathway associated with the PMB resistance.
DISCUSSION
It is becoming increasingly evident that sRNAs have a pivotal role in many cellular and physiological processes, including the maintenance of the cell envelope in Gramnegative bacteria (reviewed in ; DsroC-pBAD) were grown to late-exponential phase and then exposed to 1 µg ml À1 PMB for 1 h to finally determine c.f.u. (colony forming units) by plating. The results were expressed in terms of survival percentage as described in Methods. (b) As in (a) but using the DmgrR and DmgrR-pMgrR strains. The strains harbouring arabinose-inducible plasmids were previously induced with 0.2 % arabinose for 30 min and then challenged with PMB. Asterisks represent statistically significant differences between wild-type (WT) and mutant strains (*P<0.05). Data represent the means±standard deviations (n=3). Michaux et al., 2014; Klein & Raina, 2015) . The bacterial cell envelope homeostasis implies the integration of a complex regulatory network in order to fine-tune cell surface composition under different environmental conditions. For instance, LPS is a highly heterogeneous component of the Gram-negative outer membrane and the initial barrier against extracellular stresses (Delcour, 2009 ); hence, its structure is dynamically modified, at both transcriptional and post-transcriptional levels, activating some enzymatic LPS modifications and inhibiting others according to the environmental conditions (reviewed in Klein & Raina, 2015) .
In the regulatory control of the LPS, the PhoP/Q two-component system activates the expression of the MgrR sRNA under low levels of divalent cations (Moon & Gotessman 2009; Moon et al., 2013) , thus establishing a feed-forward mechanism that indirectly inhibits the synthesis of the LPS phosphoethanolamine transferase EptB. This evidence indicates that, at least under low cation concentrations, the LPS modification by EptB is dispensable for the bacteria. Such a regulatory network also includes integration of the envelope stress responsive factor RpoE, which works in reverse directly activating the transcription of the aforementioned EptB enzyme, even in the presence of the MgrR sRNA (Moon & Gottesman, 2009; Moon et al., 2013) . The curved arrow indicates phosphorylation and activation of the response regulator PhoP by the sensor kinase PhoQ.
( Moon et al., 2013) . In this study, we presented evidence that expands and adds complexity to this regulatory system by incorporating the sponge sRNA SroC as an antagonist of the MgrR sRNA and, therefore, an indirect activator of EptB. The mutations introduced in the predicted 27 nt binding region of SroC (Fig. 1a) weakened but not totally abolished the repression on MgrR levels (Fig. 1b) , probably because the predicted area of interaction also includes an additional region of 8 nt around the Rho-independent terminator of MgrR which could also affect its stability (Fig 1a) . However, the compensatory mutations fully rescued the MgrR repression, providing strong evidence about the direct interaction between both RNA molecules. Since the endoribonuclease RNase E is the key enzyme for target destabilization of Hfq-associated RNAs (Mass e et al., 2003; Morita et al., 2006; Saramago et al., 2014) , we speculate that the SroC-MgrR interaction triggers the degradation of MgrR by this nuclease, as in the case of SroC-GcvB base-pairing (Miyakoshi et al., 2015) . Further studies at physiological levels of SroC and MgrR by introducing point mutations in their respective chromosomal loci will provide more insights about the molecular mechanisms involved in the SroC-MgrR interaction and subsequent RNA degradation.
Interestingly, down-regulation of MgrR by SroC not just alleviates repression of eptB but also contributes in some extent to the antimicrobial peptide PMB resistance. PMB is a peptide antibiotic that emulates the activity of hostderived cationic antimicrobial peptides (Zhang et al., 2000) , and bacteria have developed different strategies to resist the effects of PMB including a variety of LPS modifications, such as that on lipid A with phosphoethanolamine activities (reviewed in Olaitan et al., 2014) . Paradoxically, the EptBrepressor system PhoP/Q has been identified as one of the key regulators for the response and resistance to polymyxins. The above implies the need for an exquisite mechanism to fine-tune the PhoP-induced levels of MgrR, given that the MgrR promoter presents higher activity even at relatively high Mg 2+ levels, and it is precisely under high cation concentrations that EptB expression is required as previously demonstrated (Moon & Gottesman, 2009; Moon et al., 2013) . To outstrip or balance the negative effect of MgrR on EptB, SroC could be a key factor in order to activate EptB, especially because its transcriptional activator RpoE seemingly works under conditions not directly related to high cation levels (Moon et al., 2013) . At the moment, it is difficult to specify the biological significance of this SroCMgrR-eptB regulatory axis, mainly because it is known that, under low cation concentrations, PhoPQ-mediated regulation produces a more robust permeability barrier in the outer membrane (Murata et al., 2007) . However, it is noteworthy that, under conditions of high cation concentrations, the bacterial outer membrane not containing certain PhoP-dependant modifications of lipid A (phoP mutant) may produce a tighter interaction between the neighbouring lipid A molecules and, hence, may serve as a better barrier against certain antimicrobial compounds (Murata et al.,
2007). Higher levels of Mg
2+ and Ca 2+ are encountered in host extracellular fluids, milieus often inhabited by pathogenic bacteria such as S. Typhimurium where the millimolar ranges could even repress the PhoP/Q system (García V escovi et al., 1996) . Recently, it was reported that fedbatch cultures of E. coli containing higher concentrations of Mg 2+ (80 mM) allow the up-regulation of SroC at the same time that MgrR is down-regulated, among other sRNAs (Rau et al., 2015) . By contrast, it has been observed that the expression of SroC is not favoured in the presence of phoP and low levels of Mg 2+ (Ortega et al., 2012; Kröger et al., 2013) . To test the possibility of SroC induction with millimolar cation levels under our experimental conditions, we assessed its expression, finding that SroC is up-regulated~2 and~6 times in the presence of millimolar concentrations of Mg 2+ and Ca 2+ , respectively (Fig. S1 , available in the online Supplementary Material). Besides, under similar conditions, MgrR expression is repressed at the same time that eptB expression is induced (Moon & Gottesman, 2009; Moon et al., 2013) . For its part, no significant changes in the expression of SroC were detected under the PMB treatment (data not shown).
The data presented here expand the knowledge about the sponge role of SroC in the control of endogenous sRNAs and raise the possibility that this kind of RNAs has more than one sRNA as targets. Because of their intrinsic properties, SroC is able to base pair with the sRNA MgrR allowing the formation of a coherent feed-forward loop which controls the expression of eptB and hence the modification of LPS in S. Typhimurium. A model of this regulatory axis and the multiple signals and factors discussed above are summarized in Fig. 5 . Further studies are required to assess the physiological significance of this regulatory network.
